An organic molecule may crystalize in numerous distinct lattices and the slow and unpredictable transitions between multiple crystal forms is a significant concern in its pharmaceutical application. Recent results indicate that the transformation of olanzapine (OZPN) from anhydrous to hydrate crystals is mediated by mesoscopic solute-rich clusters. Here we demonstrate the existence of such clusters in undersaturated OZPN solutions in purely aqueous and mixed EtOH/aqueous solvents. The clusters occupy about 10 -8 -10 -7 of the solution volume and capture ca. 10 -7 -10 -5 of the dissolved OZPN. The average cluster radius is steady in time at about 35 nm and independent of the OZPN concentration and the solvent composition, whereas the OZPN fraction captured in the clusters is dictated by the solution thermodynamics. Both behaviors are in dire conflict with classical theories of phase transformation and recent aggregation models. They are, however, consistent with the predictions of a model that assumes the formation of OZPN dimers and their decay upon exiting the clusters. We propose that a 2 transient dimer, which may be akin to the centrosymmetric dimer present in all of the 60 known OZPN crystal structures, may underlie cluster formation. The finding of cluster formation in organic systems and the proposed cluster mechanism provide guidance towards enhanced control over nucleation, molecular transitions, and the solid forms in molecular systems. 
INTRODUCTION
Numerous organic and inorganic molecules exhibit multiple solid forms spanning polymorphs, solvates, salts, co-crystals, and amorphous structures.
1-4 Distinct crystal forms can have different crystallization free energy and, correspondingly, different thermodynamic stability impacting key biopharmaceutical attributes including solubility. 5 Even though the selection of the crystal form determines the fundamental properties and, ultimately, the utility of the crystals, the available understanding of polymorphism is mostly empirical. The Ostwald step rule, suggesting that less stable phases appear earlier, 6 provides limited guidance on the direction of transitions between crystal forms. 7 The mechanism of transition between solid forms, which dictates the kinetics of the process, is among the major unsolved problems of modern chemistry. [8] [9] Besides its fundamental significance, the potential variability of crystal forms has profound impact on the applications that rely of crystalline materials and their associated properties. 10 A prime example is the manufacture of pharmaceutical products, where the majority of active pharmaceutical ingredients (APIs) are delivered as crystalline preparations and their bioavailability is governed by the crystal dissolution rate. 11 As the crystal structure and composition dictate the solubility and bioavailability of the drug, polymorphic transformations are responsible for a wide range of formulation and manufacturing problems, such as unexpected phase transformation. 14, 17 In all solvated and neat forms, OZPN molecules are arranged as dimers, in which parallel plates are bound by reciprocal contacts between the thiophene methyl group and the piperazine entity of the paired molecule, Scheme 1b. In the solvates, such as the dihydrate-ethanoate depicted in Scheme 1c, the solvent molecules stabilize the packing by occupying the voids between the dimers. The dimer packing arrangement has been disturbed in a number of OZPN salts as a consequence of the introduction of competing interactions between counterions. [18] [19] Crystal structure prediction calculations 15 have suggested that non-solvated crystal structures based on non-dimeric OZPN are thermodynamically feasible; however, none have been obtained to date. Figure   1a , and serves as nucleation medium for OZPN DD. 20 When introduced into the solution bulk, the liquid clusters give rise to a metastable dihydrate polymorph, OZPN DB. 20 Both observations starkly diverge from the generally envisioned polymorph transition pathways. The obvious one, by structural rearrangement in the solid state, is more likely for crystals of isometric molecules or particles, interacting with a "soft" potential, in which the attractive minima are shallow, broad, and tolerant of molecular motion. 21 For molecular crystals, in which the attractive forces are short-ranged, anisotropic, and strong, a more common option is by dissolution of the high freeenergy polymorph followed by crystallization of the stable form. Nucleation of OZPN DD and OZPN DB hosted by the dense liquid droplets contradicts the tenets of classical nucleation theory, according to which crystal embryos emerge in the solution by ordered assembly of solute molecules. [22] [23] [24] [25] On the other hand, it appears in accord with the two-step nucleation mechanism, according to which crystal nucleation is facilitated by dense liquid precursors. 26-29 30-31 This mechanism has been observed with protein, [26] [27] [31] [32] [33] [34] [35] [36] colloid, [37] [38] [39] inorganic, [40] [41] [42] and organic 28, [43] [44] molecules. Macroscopic dense liquid, appearing after "oiling out" and stable with respect to the solution, has been observed with organic molecules. 45 The OZPN dense liquid clusters, however, do not represent a stable phase: they form a relatively monodisperse population with dimeter of ca. 80 nanometers and their growth upon deposition on the crystal surface appears to be not by association of monomers from the solution, but by coalescence with other clusters, Figure 1 . 20 These clusters are also significantly larger than the disordered liquid clusters comprised of ca. 10 -100 1,3,5-tris(4-bromophenyl)benzene, or tribromide-Y molecules that host crystal nuclei; 44 the size of the tribromide-Y clusters complies with the predictions of electrostatic aggregation models.
The transformation of OZPN I to OZPN DD in unstirred solution is facilitated by an intermediate, liquid-like phase, that deposits as liquid clusters on {100} faces of OZPN I,
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Here we explore the enigma presented by the OZPN mesoscopic liquid clusters. We monitor the properties of the cluster population and its evolution and deduce the cluster formation mechanism. We draw an analogy to the protein-rich clusters of similar size, which assemble owing to the dynamics of formation and decay of transient dimers. 48 We compare the cluster behaviors in solvents that contain varying amount of ethanol and demonstrate that the fraction of OZPN, captured in the clusters, is dictated by the thermodynamic parameters of the solutions. On the other hand, the cluster size is decoupled form the volume of the cluster population and is likely determined by the dynamics of cluster assembly.
MATERIALS AND METHODS
Solutions.
Analytical grade solvents were purchased from Fisher Scientific and Sigma
Aldrich. OZPN was purchased from Molekula Ltd., UK and used without further purification. applied. All AFM data was analyzed using NanoScope Analysis 1.5 software (Bruker). Height images were corrected by first-order flattening.
Cluster characterization by oblique illumination microscopy (OIM). The method relies on light scattered at wavevectors of order m -1 and probe lengthscales in the range 10 -3 -10 m. The Rayleigh law, according to which the scattered intensity scales as the sixth power of the scatterers' sizes, makes this technique particularly well suited to study the mesoscopic clusters, which are 50-to 100 nm large, but are present at very low concentration. OIM is also referred to as Brownian microscopy 30, 49-50 or particle tracking. 51 We use Nanosight LM10-HS microscope (Nanosight Ltd). A green laser (532 nm) illuminates a 500 m solution layer at an oblique angle such that the incident beam avoids the lens of a microscope positioned above the sample, Figure 2a . 50, 52 The light scattered by the clusters is seen as dark speckles in the negative image in Figure 2b ,c; as the clusters are smaller than the diffraction limit, the speckle size accounts for the deviation of the cluster position from the microscope focal plane. We recorded the Brownian trajectory of a cluster in the image plane, Figure 2d , and computed the correlation between the mean squared displacement 〈Δ 2 〉 and the lag time Δ , Figure 2e . We determined its diffusion coefficient D from the slope of the 〈Δ 2 〉( ) correlation; we used the first five data points as they provide the highest accuracy of D. We evaluated the cluster radius R using the Stokes-Einstein relation, = /6 .
The temperature was set a T = 297.65 K and kB is the Boltzmann constant.  is the viscosity of the solvent, determined from the dynamics of Fluoro-Max Dyed Red fluorescent polystyrene spheres, with diameter 1 µm, diffusing in the tested solutions. 50, 52 The viscosities of all solutions employed here are plotted in Figure S1 . We evaluated the concentration Ncluster of clusters of different sizes from the number n in the monitored solution volume of V = 48,000 m Figure 2f . 50, [52] [53] We evaluated the volume fraction occupied by the cluster population as Table S1 . 20 We diluted this solution with 20 % additional water by volume. The concentration of the diluted solution was below the solubility of OZPN DB. The most stable crystal form in aqueous solutions is OZPN DD; however, the transition to OZPN DD takes from five to seven days. 20 Surprisingly, observations of the undersaturated solution with OIM revealed the presence of particles that randomly migrate, driven by Brownian collisions with the solvent molecules, Figure 2b . Careful examination of all steps in the solution preparation excluded the possibility that these heterogeneities are dust particles or gas bubbles. 55 To test if the particles are crystals, we supplemented the IOM setup with a polarizer at the optical entrance of the cuvette and an analyzer at the optical exit, in front of the objective lens. If the polarizer and analyzer are in perpendicular orientation, crystals, which rotate the plane of light polarization, would produce bright speckles. Our tests revealed that the field of view was completely dark, disproving the hypothesis that the speckles seen without the polarizer in Figure 2b represent crystals. We conclude that these particles are disordered.
Determination
We determined the size of the each particle from its Brownian trajectory. To further characterize the mesoscopic OZPN-rich clusters, we monitored the time evolution of the cluster population and tested the consequences of varying COZPN, Figure 3 . The cluster radius is independent of the solution concentration and steady in time for up to three hours, Figure 3a . In contrast, the fraction of the solution volume occupied by the cluster population  increases with COZPN and solution age, Figure 3b . We verified that the evolution of  is not due to OZPN precipitation or any other process in the solution hosting the clusters. The OZPN concentration, determined spectrophotometrically, remained steady. No changes in the solution UV-Vis spectra, illustrated in Figure S2 , were recorded, suggesting that the  growth may be induced by processes occurring in the liquid comprising the clusters, which stabilize the clusters and increase the cluster population by spawning additional clusters of consistent size.
The slow growth of  is consistent with slow maturation of the cluster phase. The high refractive index of this liquid, evidenced by the scattered intensity, suggests that the OZPN concentration in the clusters is higher than in the solution. The associated higher viscosity is conducive of slow dynamics.
A crucial issue in understanding the cluster mechanism is whether the clusters adjust to the parameters of the solution, or represent irreversibly aggregated matter. As a test of cluster reversibility, we note that the response of  to higher COZPN is disproportional: as COZPN is raised by about three-fold, from 3 to 10 mM,  increases from 0.5×10 -8 to 8.5×10 -8 , i.e., ca. 17-fold, Figure 3b ; the latter ratio is consistent at all times, at which  is sufficiently large for accurate distinction between the three concentrations. The exaggerated increase of  driven by higher COZPN contradicts expectations for irreversible aggregates, whose concentration would increase proportionally to COZPN. This increase indicates that the cluster population adjusts to the solution conditions and the clusters do not represent irreversibly aggregated material.
The characteristics of the cluster population revealed in Figures 2 and 3 are unusual for both disordered aggregates and emerging domains of a new phase, such as OZPN dense liquid.
The narrow size distribution is inconsistent with both types of aggregation. The decoupled behavior of R and  are in contrast with classical phase transitions, in which the number of nucleated domains and the volume that they occupy increase concurrently. The mesoscopic size of the clusters is steady over extended times, in sharp contrast to expectations for newly formed phases in which the domain size grows in time. 56 This size is much larger than the prediction of colloid clustering models 46 that are often applied to aggregation in solution. 47, [57] [58] [59] [60] [61] [62] [63] As the cluster population captures a minor fraction of the dissolved OZPN, the concentration of the solution in contact with the clusters is close to the initial 3, 8, or 10 mM. This observation is beyond the catalogued behaviors of micelles, which equilibrate with solutions of constant critical micelle concentration (CMC). Thus, the OZPN clusters observed in Figures 1 -3 are not micelles.
On the other hand, these characteristics are typical of the mesoscopic solute-rich clusters, found in solutions of numerous proteins at varying conditions. 35 65 The OZPN concentration in the dense liquid comprising the clusters, Ccl, is significantly greater than COZPN, so that choosing a constant ratio Ccl/COZPN in the range 10 -100 is reasonable. Furthermore, direct application of the Boltzmann distribution suggests that   exp(-Gcl/kBT), where Gcl is the free energy excess of a molecule in a clusters over that in the solution. 48 Thus, we obtain that  is determined by the free energy balance of clusters formation and the decoupled behaviors of R and  emerge naturally from the model. hydrates, or other ice-like structures. [78] [79] [80] [81] [82] For the larger EtOH, the corresponding number, evaluated from the entropy of fusion, is -31 J mol -1 K -1 . 83 The relevant parameter for OZPN would be the entropy of crystallization from the melt, which is not available in the literature. As OZPN is significantly larger than EtOH, the entropy lost upon entrapment should have greater magnitude than -31 J mol -1 K -1 . is a measure of solution non-ideality due to intermolecular attraction and repulsion, with higher implying stronger repulsion. 84 Thus, the low magnitude of Δ at 20 % EtOH, Figure 7b , suggests small , corresponding to mild repulsion between the OZPN molecules in the solution. The likely moderating force is the hydrophobic attraction induced by the structured water, indicated by the Δ datum for this solvent in Figure 7a . As the structured water molecules are stripped at CEtOH equal or greater than 30 %, , Scheme 2, suggests stronger intermolecular repulsion that may be due to the hydration shells of the polar nitrogen groups of OZPN, Scheme 1a; note that in contrast to nonpolar moieties, water structured at polar groups induces repulsion due to its strong association with the solute. 74, 85 The attenuated repulsion at higher CEtOH may be due to the lower dielectric constant of these solutions, conducive of stronger van der Waals attraction. 86 Δ is a convolution of Δ and Δ . The dimer identity is the final step in the application of the transient dimer model to the OZPN-rich clusters. The known experimental crystal structures of neutral OZPN are comprised of the so-called SC0 dimer, a centrosymmetric motif depicted in Scheme 1b. 15 14, 17 We put forth that the transient dimer may be akin to that structure. Future work to test this hypothesis is under way.
The finding of the thermodynamic control of the cluster phase volume and the suggested dimer identity imply a thermodynamic and a structural pathways to control the cluster population and hence the nucleation and polymorph transformation pathways directed by the clusters, as seen by Warzecha et al. 20 The thermodynamic parameters of the solution may be modified by low-concentration additives that act on the intermolecular interactions. The dimer may be suppressed by a subtle structural modification of the molecule, compatible with its biological activity.
Conclusions
We demonstrate that solutions of the antipsychotic drug OZPN in purely aqueous and 
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